commercially available and recommended as the official method for examining water and wastewater samples. 2, 3 Ionic composition, including both anions and cations in the samples, especially in water samples, provides useful information about the sources of analyte ions and the accuracy of determination. In general, the determination of cations and anions are conducted separately through each ion-exchange column, which is the most widely and commonly used. In other words, the ionic composition, including both cations and anions, can be obtained by two different IC systems for each cation and anion, resulting in spending a lot of time and effort. Therefore, it is one of the ultimate goals of IC to establish the system for the simultaneous determination of anions and cations with a single chromatographic run, and determining the complete ionic composition found in a sample.
There are several types for simultaneous determinations of inorganic anions and cations using IC with a single chromatographic run. 4 For example, anion-exchange and cation-exchange columns were connected in series with two pumps for flow-gradient chromatography, or with a single pump for isocratic chromatography. 5, 6 Using a switching valve, which was placed between cation-exchange and anion-exchange columns with a single pump and a detector, common inorganic anions and/or cations were separated and detected. [7] [8] [9] [10] In this system, by changing the valve position in a single chromatographic run, cation-exchange separation could be carried out at one position, whereas anion-exchange separation could be done at another position. These IC methods are grouped as a multi-column system. On the other hand, several IC methods with a single column system for the separation and determination of both cations and anions have been reported. For example, an anion-exchange column with an eluent of a complexing reagent, such as pyromellitic acid and EDTA, was used for the separation and detection of common inorganic anions, calcium and magnesium ions.
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The simultaneous separation and detection of anions and cations was achieved by a single column packed with a mixture of cation and anion-exchange materials, or agglomerated ion exchangers. [16] [17] [18] [19] [20] Zwitterionic ion-exchangers, which have both negative and positive charged functional groups on the resin surface, were used as new phase technologies, including the simultaneous separation of cations and anions. [21] [22] [23] Tanaka et al. reported on the simultaneous determination of common inorganic anions and cations using a weakly acidic cation-exchange column with a weakly acidic eluent, and applied to acid rain and related water environmental water samples. 24 This chromatographic method was called ion-exclusion/cation-exchange chromatography (IEC/CEC), because anions and cations were separated by ion-exclusion and cation-exchange mechanisms, respectively.
Many novel progresses in terms of analytical time, selectively and sensitivity and their application have been reported in recent years. This review focuses on recent progress of ion-exclusion/ion-exchange chromatography with a single column for the simultaneous For the determination of aliphatic, aromatic carboxylic acids and haloactic acids, ion-exclusion chromatography (IEC) is an effective method. [25] [26] [27] [28] [29] [30] [31] Acids present in the neutral form can be separated by a penetration reaction to the resin associated to Donnan's membrane effect on a column packed with cation-exchange resin in the H + form, while strong acid anions are totally excluded from the dissociated resin via the electrostatic repulsion effect (Fig. 1) . At the same time, the hydrophobic adsorption of analyte acids onto a stationary phase substrate also affects the separation. 32, 33 However, strong acid anions could be separated on an ion-exclusion chromatography column packed with resins that contain carboxylate functional groups, but not with a sulfonate functional group. 34 In this case, the retention of strong acid anions increased with both decreasing the eluent pH and increasing the eluent ionic strength. It has been considered that the nature of the resin functional group exerted a significant effect on the extent of retention and separation of strong acid anions. Additionally, the cation-exchange column is commonly used for the separation of mono and divalent cations under isocratic conditions with an acidic eluent (Fig. 1) . Therefore, it was allowed that anions and cations were separated by ion-exclusion and cation-exchange mechanisms, respectively, using a single cation-exchange column with an appropriate acidic eluent. It is important that the dissociation/protonation of carboxylate functional groups on the resin is controlled by the eluent pH in order to adequately separate and retain both cations and anions. Furthermore, the position of the eluent dip and background level related to the eluent composition will also affects the separation and detection.
Firstly, a mixture of 5 mM tartaric acid-7.5% methanol was used as an eluent for the simultaneous determination with a weakly cation-exchange column of TSKgel OApak (Tosoh, 300 mm × 7.8 mm i.d., 5 μm particle size) with a polyacrylate copolymer. 24, [35] [36] [37] To improve the resolution among monovalent cations, such as Na + , K + and NH4 + , 18-crown-6, which can form complexes with each monovalent cation with a specific stability constant, 38 was added to the former eluent. The retention time of K + increased with the 18-crown-6 concentration in the eluent with only a slight change in the retention times being observed for other inorganic ions. Herewith, the separation and detection of common inorganic anions (SO4 2-, Cl -, NO3 -) and cations (Na + , NH4 + , K + , Mg 2+ , Ca 2+ ) were achieved in about 30 min (Fig. 2) . 39 Under these conditions, linear calibration graphs (r 2 > 0.99) were obtained in the ranges of 0 -0.8 mM for anions and 0 -0.4 mM cations; the detection limits were obtained in the ranges of 0.19 -0.30 μM for anions and 0.35 -0.69 μM for cations. Instead of tartaric acid, sulfosalicylic acid 40 or 2,6-pyridinedicarboxylic acid (PDCA) 41, 42 could be used as an eluent for the simultaneous determination by IEC/CEC. Using the latter reagent as an eluent, the elution of Ca 2+ occurred faster than that of Mg 2+ . Furthermore, effective separation for anions and cations was achieved in about 14 min using a shortened column of TSKgel OApak-A (Tosoh, 150 mm × 7.8 mm i.d., 5 μm particle size, 0.1 mequiv./mL cation-exchange capacity) with 1.5 mM sulfosalicylic acid-6 mM 18-crown-6 at pH 2.6 ( Fig. 3) . 43 A column with 0.2 mequiv./mL cation-exchange capacity is now commercially available as TSKgel SuperIC-A/C from Tosoh.
2·2 High-speed determination of IEC/CEC
The first progress concerning IEC/CEC was high-speed determination. An analytical time of around 15 -30 min was comparatively long. To reduce the analytical time, Mori et al. developed a high-speed IEC/CEC method using a TSKgel SuperIC-A/C column (Tosoh, 150 mm × 6.0 mm i.d., 0.2 mequiv./mL cation-exchange capacity) having small particle Fig. 2 Simultaneous ion-exclusion/cation-exchange chromatogram of common inorganic anions and cations using elution with 5 mM tartaric acid/6 mM 18-crown-6/methanol-water (7.5:92.5). Conditions: separation column, TSKgel OApak-A (Tosoh, 300 mm × 7.8 mm i.d., 5 μm particle size); flow-rate, 1.2 mL min -1 ; column temperature, 25 C; detection, conductivity; injection volume, 100 μL; injected sample, a mixture of 0.1 mM KNO3, NH4NO3, CaCl2 and 0.05 mM Na2SO4, and MgSO4. Peaks: (1) SO4 Fig. 3 Simultaneous ion-exclusion/cation-exchange chromatogram of common inorganic anions and cations using elution with 1.5 mM sulfosalicylic acid/6 mM 18-crown-6 at pH 2.6. Conditions: separation column, TSKgel OApak-A (Tosoh, 150 mm × 7.8 mm i.d., 5 μm particle size, 0.1 mequiv./mL cation-exchange capacity); flow-rate, 1.2 mL min -1 ; column temperature, 30 C; detection, conductivity; injection volume, 100 μL; injected sample, a mixture of 0.1 mM KNO3, NH4NO3, CaCl2 and 0.05 mM Na2SO4, and MgSO4. Peaks: (1) SO4 size (3 μm) to increase the theoretical plate of the analyte peak in the separation. 44 Complete simultaneous separation and detection of the anions and cations was obtained in 5 min by elution with 15 mM tartaric acid-2.5 mM 18-crown-6 at a flow rate of 1.5 mL/min (Fig. 4) . The overall sample turn-around time, including washing the syringe, sample injection and separation in the reported method was less than 6 min, resulting in 10 runs being possible within 60 min. However, the detection limits of both anions (0.36 -0.68 μM) and cations (0.63 -0.99 μM) were poorer than those mentioned in a previous report, 39 due to the increment of background noise related to the high concentration of tartaric acid. The high-speed separation of anions and cations with highly sensitive detection will be achieved by using a separation column packed with resins that have a smaller cation-exchange capacity.
2·3 Improvement for the separation and detection of analyte ions As mentioned above, a solution containing tartaric acid (pKa1 = 2.82) or sulfosalicylic acid (pKa1 < -3.0) has been used as an acidic eluent for the simultaneous determination of inorganic ions using IEC/CEC. However, in such a case, the background conductimetric level, depending on the eluent composition, was relatively high. Such a high background level makes it impossible to determine weak acid anions of F -and HCOO -, which have a low conductivity response. To select an acidic eluent having adequate separation and detection of analyte ions, including weak acid anions, several weak acids were examined. 45 Although aromatic carboxylic acid, such as phthalic acid (pKa1 = 2.76), salicylic acid (pKa1 = 2.82) and benzoic acid (pKa1 = 3.99), could possibility serve as an eluent, the retention times of the eluent dips were much longer than those of other acids due to the high hydrophobic interaction of these compounds to the stationary phase (Fig. 5) . When a weak acid with pKa1 = 2 -5, such as citric acid (pKa1 = 2.90), lactic acid (pKa1 = 3.81) and propionic acid (pKa1 = 4.66), were used as eluents, the poor resolution of strong and weak acid anions or a prolonged retention time of divalent cations were obtained. As a result, a mixture solution of 20 mM succinic acid (pKa1 = 4.10) and 2 mM 18-crown-6 was selected based on the view of sensitive detection related to the background conductivity level and the shortest analytical time. The separation of cations and anions including weak acid anions (F -, HCOO -and CH3COO -) was achieved within 20 min under the optimum conditions (Fig. 6) . Unfortunately, the phosphate ion could not be separated from other strong acids using this chromatographic system. Both phosphate and silicate ions could be simultaneously separated by ion-exclusion chromatography using the same column for IEC/CEC with an eluent of ultrapure water, or a slightly acidic solution, and detected by spectrophotometry, followed by postcolumn derivatization with molybdate. [46] [47] [48] [49] Ascorbic acid, which is a weak organic acid (pKa1 = 4.10), is usually used as a reducing agent to convert heteropoly acids formed in the reaction of phosphate and silicate ions with molybdate into a reducing form, leading to sensitive detection. Therefore, this acid could be used as both the eluent and the reducing agent for the simultaneous determination of common inorganic anions and cations using IEC/CEC with dual detection of the conductivity and spectrophotometry in tandem (Fig. 7) . 50 Under the optimal elution conditions, the calibration graphs were linear over ranges of 0.02 -1.0 mM for common anions and cations (r 2 > 0.9984), and 0.002 -0.1 mM for phosphate and silicate ions (r 2 > 0.9996). The detection limits for phosphate and silicate were 0.11 to 0.13 μM, while those of common anions and cations were 0.7 to 2.9 μM.
Several ingenious attempts were conducted for the simultaneous determination of common inorganic ions by IEC/CEC. A zwitterionic surfactant of 3-[(3-cholamindopropyl)-dimethylammonio]-1-propanesulofonate (CHAPS) was used as an additional reagent to the eluent for the determination of inorganic ions, including thiocyanate ion (SCN -) in human saliva. 51 Without the addition of this surfactant, the peak shapes and retention times of analyte ions were gradually disordered when samples were injected into the system repeatedly. As a result, reproducible separation without influencing the retention behaviors of analyte ions in human saliva was obtained by using an eluent of 6 mM tartaric acid/7 mM 18-crown-6 with 1 mM CHAPS (Fig. 8) . On the other hand, a hydrophobic interaction chromatographic (HILIC) column of Acclaim HILIC-10 (Dionex, 150 mm × 4.6 mm i.d.) with a diol functional group fixed on the stationary phase was connected before a TSKgel Fig. 7 Simultaneous ion-exclusion/cation-exchange chromatogram of common inorganic ionic species using elution with 100 mM ascorbic acid/4 mM 18-crown-6 at pH 2.6. Conditions: separation column, TSKgel SuperIC-A/C (Tosoh, 150 mm × 6.0 mm i.d., 0.2 mequiv./mL cation-exchange capacity); color-forming reagent, 30 mM Na2MoO4/50 mM H2SO4; flow-rates of eluent and colorforming reagent, 0.6 and 0.3 mL min -1 , respectively; column and reaction coil temperature, 40 C; detection, conductivity for common anions and cations and spectrophotometry at 700 nm for phosphate and silicate; injection volume, 30 μL; injected sample, a mixture of 0.1 mM Na2SO4, KNO3, MgSO4, CaCl2 and 0.01 mM Na2SiO3 and KH2PO4. The solid and broken lines indicate the detector responses of the conductivity and spectrophotometry, respectively. Peaks: (1) SuperIC-A/C column to improve the resolution of inorganic anions. 52 This procedure could solve the long-standing problem that the phosphate ions could not be separated from other strong acids, while the analytical time for ten analyte ions became in about 45 min.
Ion-exclusion/anion-exchange Chromatography
In contrast to IEC/CEC, the simultaneous determination of inorganic anions and cations using ion-exclusion/anion exchange chromatography (IEC/AEC) was scarcely examined. Ion-exclusion chromatography, where the hydrophobic adsorption of analyte ions also occurred at the same time, for weak basic cations such as ammonium ion, 53 hydrazine ion 54 and amines, 55, 56 was documented, while inorganic cations of both alkali and alkaline earth metal ions could not be separated. Using a basic anion-exchange column of TSKgel SuperIC-AZ (Tosoh, 150 mm × 4.6 mm i.d., 0.030 mequiv./mL anion-exchange capacity) or TSKgel SuperIC-Anion (Tosoh, 150 mm × 4.6 mm i.d., 0.012 mequiv./mL anion-exchange capacity) with an eluent of 2 mM LiOH, the inorganic nitrogen species in artificial seawater could be separated in 30 min (Fig. 9) . 57, 58 It is recognized that strong basic ions, such as alkali metal ions, will be more quickly eluted than weak basic ions of the ammonium ion. 51 However, the retention order was NH4 + < Na + /K + and an elution dip < Cl -< NO2 -< NO3 -using the former column with a basic eluent, while that in the latter column was Na 
For the latter, the total electrical conductivity (ECcalc) should be calculated as 
where each ion in parenthesis is the ion equivalent concentration (μequiv./L), each constant value the equivalent ionic conductivity at 25 C, and the alkalinity considered to correspond to bicarbonate ions (HCO3   -) . 59 The criteria for accepting of the ratio of calculated to measured EC (ECmeas), defined as the following equation, are ±20 (ECmeas <5 μS cm -1 ), ±13 (5 -30 μS cm -1 ) and ±9 (>30 μS cm -1 ):
In river-water samples, the ∑anions values and measured EC were less than 3.0 mequiv./L and more than 30 μS cm -1 . The differences for the anion-cation balance and the ratio of the calculated-to-measured EC were in the ranges of 0.00 to 0.07 mequiv./L and -3.4 to 1.5, respectively. From these results, it was demonstrated that the IEC/CEC method is effective for use in water quality monitoring. 50
4·2 Application to water quality monitoring
The simultaneous determination of common inorganic ions using IEC/CEC has often been applied to various water samples, such as rain water, river water, seawater and wastewater. From the result of water quality monitoring of river watersheds, it was found that the diurnal variation of sewage loading to the treatment plant has an effect on the biological oxidation reaction of NH4 + to NO3 -in wastewater, 60, 61 and that the discharged water from the wastewater treatment plant affects the river water quality. 62, 63 For acidic river water, the effect of a neutralization treatment process on the river water quality was investigated. 64 The anion-cation balance in neutralized acidic spring water samples calculated from the common anions and cations using IEC/CEC were 0.97 -0.99, while those in untreated acidic spring water were 1.19 -1.27. It was expected that unmeasured cations, such as iron and manganese ions, would exist in highly acidic spring water based on the result of the anion-cation imbalance in untreated spring water.
For seawater samples containing Na + and Cl -at high concentration, column packing with a polymethacrylate-based acidic cation-exchange resin having a 0.15 mequiv./mL cation-exchange capacity was used for separation to improve the resolution of anions due to the increment of the penetration effect. 65 It was recommended that the novel, simple and convenient measurement system of IEC/CEC for the simultaneous determinations of anions and cations is a useful and powerful tool for water quality monitoring systems in developing coutries.
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4·3 Other applications
Besides water quality monitoring, IEC/CEC and IEC/AEC have been applied to several practical samples, such as human saliva 51 and artificial seawater with an iron matrix, 57 which were already mentioned. For the former, the SCN -concentration, determined using IEC/CEC in saliva from smokers, was higher than those from non-smokers, suggesting that personal habits, such as smoking affects on the SCN -concentration in human saliva, due to the detoxification of hydrogen cyanide, which is present in cigarette smoke. For the latter, the simultaneous determination of inorganic nitrogen species, such as NH4 + , NO2 -and NO3 -, using IEC/AEC will be a useful method for the evaluation of mineralization, nitrification and denitrification processes in various environments.
As well as acid rain, it has been recognized that the effects of acidic deposition on plant species and aquatic resources are also serious problems. Acidic deposits on evergreen oak (Quercys glauca) leaves were measured by IEC/CEC after extraction with pure water and filtration. 67 Analytical results showed the contribution from the source of each ionic species, such as sea salt and non sea salts.
The IEC/CEC method has also been used for the quality control of industrial products. Anions and cations in aging water extracted from a raw material of ceramic glaze was determined by IEC/CEC. 68 It has been shown that this method can be used for controlling of cation concentrations in the raw material of ceramic glaze, which affects the fusibility and surface condition of the glaze. A quality test for the water purification of TiO2-photocatalyst coated materials was evaluated by the determination of aliphatic amine, ammonium and nitrate ions by IEC/CEC.
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Conclusion
We have reviewed recent progress and applications of IEC/CEC and IEC/AEC for simultaneous determinations of inorganic anions and cations. The analytical time for both anions and cations was shortened by using a column packed with particles of small size. The separation and detection of ions were improved by using an appropriate eluent. These advanced methods of IEC/CEC were successfully applied to practical samples for water quality monitoring as well as for the quality control of industrial products, while that of IEC/AEC was only limited to the determination of inorganic nitrogen species. It is important to clarify the separation mechanisms of IEC/AEC in order to enhance the determination.
The most important challenge was the establishment of simultaneous determinations of anions and cations, including hydrogen (H + ) and bicarbonate ions (HCO3   -) , which are present in water samples. Furthermore, the combination of IEC/CEC and IEC/AEC with other detectors, such as spectrophotometry and mass spectrometry, would expand the applications and usage of simultaneous determinations of ions.
